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ABSTRACT 
It is known that metal parts can be made stronger, tougher and better wear resistance 
by introducing gradient microstructure. This work reports the cooling rate of melt 
pool induced discrepancy in microstructural gradient and element distribution during 
selective laser melting (SLM), therefore resulting  decrease in microhardness and 
wear resistance from surface to inside with a range of ~100 µm of SLM- 
manufactured AlSi10Mg alloy. The cooling rate in the top surface of melt pool 
reaches ~1.44×106 K/s, which is much higher than that at the bottom (≤1×103 K/s). 
Such a difference in cooling rate of melt pool is the main cause for forming gradient 
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microstructure in terms of the distribution of Si particles, dendrite size, sub-grains and 
sub-boundaries. The variation in microstructure of SLM-produced AlSi10Mg alloy, as 
a result of gradient cooling rate, has a significant impact on its mechanical properties. 
Compared with core area, the surface area with a higher cooling rate is composed of 
finer Si particles, dendritic structure and more sub-boundaries, resulting in higher 
microhardness and greater wear resistance. The mechanism for formation of gradient 
microstructure and its influence on the mechanical properties are discussed, which 
provide new and deep insight into fabricating SLM-produced components with 
gradient microstructure. 
 




The increasing demand for metal parts with complex shapes and high qualities has 
motivated the development of advanced manufacturing technologies. Selective laser 
melting (SLM), as one of common metallic additive manufacturing technologies, has 
been well known with capability to create high-quality and defect-free complex 
components [1]. So far, a number of SLM-fabricated alloys, such as steels, titanium 
alloys and aluminum alloys, have been reported to exhibit excellent mechanical 
properties [2-5] and comparable corrosion resistance compared to their counterparts 















As one of the largest industrial usage of aluminum alloy, Al-Si alloys have numerous 
advantages including light weight, good wear resistance, good thermal expansion 
coefficient, high specific strength and good thermal conductivity, thereby making 
them widely used in automobile and aerospace industries [6]. It is well known that the 
mechanical properties are sensitive to the microstructu e including the phase 
constituents, grain size and morphologies, dendrite and elemental segregation [7, 8]. 
Therefore, manipulation and optimization of microstuc ure is a widely known 
strategy to achieve satisfactory mechanical properties for industrial applications. 
Considerable efforts have been made to manipulate microstructural features including 
dendrite size, grain size and morphologies, subgrains nd boundaries to enhance 
mechanical properties [8]. Among the strategies, grain refinement is most widely used 
to strengthen metal parts [9]. Usually, grain refinment is realized by plastic 
deformation techniques such as rolling, drawing, forging and equal channel angular 
pressing (ECAP) [8, 10]. Furthermore, the formation of, and interactions among, 
sub-boundaries or internal dislocations are commonly found in the process of grain 
refinement [11]. The dislocations and sub-grain boundaries resulting from plastic 
deformation play a significant role in improving the hardness and strength of a 
material [10]. However, conventional plastic deformation methods are hard to 
manufacture metal parts with complex geometries. Fortunately, SLM has capability of 
producing complex parts with fine microstructure as a result of fast cooling rate 
during SLM process, which was reported to reach a magnitude order of 107 K/s 















during solidification process in SLM and their size, strongly relying on the cooling 
rate in SLM process, play a decisive role in the final properties of SLM-produced 
components [14, 15]. It has now well been acknowledged that fast cooling rate in 
SLM process can refine the microstructure in terms of grain size, secondary dendrite 
arm spacing (SDAS) size, age-hardenable Mg/Si preciitates [16, 17]. Li et al. [14] 
found that cooling rate played a critical role in SLM process, which resulted in 
ultrafine-grained eutectic microstructure in the as-produced AlSi10Mg samples. Such 
a unique microstructure significantly enhanced the tensile properties and Vickers 
microhardness. Moreover, the microstructure is sensitive to the laser melting process. 
Anwar et al. [18] revealed that the laser scan direction and the gas flow velocity could 
affect the microstructure therefore the tensile prope ties due to the interaction of 
laser-spattered and powder-gas, thereby resulting in input energy loss. Rao et al. [19] 
found that the Si particles combined with tensile properties could be affected by the 
melt pool and building direction. Kimura et al. [20] found that the microstructure of 
the as-produced SLM samples comprised of sub-micron fine dendrite with an 
elongated shape in the direction of stacking. Furthermore, the gradient thermal 
distribution has been found in SLM process due to different cooling rate [21]. Such 
gradient thermal distribution would influence the solidification process of the powder 
in SLM process, thereby inducing the formation of gradient microstructure in the 
SLM-produced components. Gradient microstructure in a structure of increasing grain 
size from surface to inside is confirmed to play a positive role in improving 















In addition, the mechanical property of Al–Si alloys could be significantly affected by 
the size and distribution of the eutectic silicon (Si) in microstructure. For example, 
McDonald et al. [23] pointed out that the Al-Si parts with large acicular silicon 
particles have poor fatigue properties as a result of low ductility. Delahaye et al. [24] 
found that the refinement of the Si particles in Al-Si alloy is regarded as the most 
important factor for optimizing its mechanical properties. With the aim to satisfy the 
high standard requirements of industry, considerabl endeavors have been made to 
improve the mechanical properties by manipulating the eutectic microstructure in 
Al-Si alloys [15, 25]. In general, two main methods are often used to refine grains, i.e. 
suitable microalloying and increasing cooling rate during solidification [6]. Addition 
of new elements can promote refining Si particles. However, it was reported the 
addition of new elements might reduce the metal fluidity thereby increasing the cost 
for producing a part. Furthermore, the main drawback is that the alloying elements are 
rapidly lost in the alloy due to evaporation or oxidat on [26]. Differently, rapid 
solidification can reduce even avoid these above disadvantages to improve 
mechanical properties. Studies on the high cooling rate of Al-Si alloys have shown 
that the solid solubility of Si particles in Al matrix can be remarkably increased under 
a high cooling rate [27].  
AlSi10Mg, which is one of the Al-Si alloys, has been widely studied and 
manufactured by SLM [15, 16, 24, 28]. Thanks to thehigh cooling rate in SLM 
process, SLM-produced Al-Si components exhibit enhanced mechanical properties 















the solidification process of SLM is very complex and the cooling rates at different 
positions of melt pool in SLM are different and difficult to detect. As such, the effect 
of the SLM solidification with different cooling rate on the resultant microstructure 
therefore properties is still unknown.  
As such, in this work, the AlSi10Mg alloy was selected to study the effect of the 
cooling rate in the melt pool on the formation of gradient microstructure and the 
resultant mechanical properties. The cooling rate of melt pool in SLM was calculated 
by finite element modeling (FEM). The Si particle size and distribution, 
sub-boundaries and dendrites were compared and analyzed.  
 
2. Experimental 
The nominal chemical composition of the gas-atomized AlSi10Mg powder used in 
this work was analyzed to be 9.3Si, 0.4Fe, 0.05Cu, 0.1Mu, 0.3Mg, 0.1Zn, 0.05Ni, 
0.1Cr, and Al balance (wt. %). The size of spherical powder ranges from 15 µm to 55 
µm and with a Gaussian distribution centered on 35 µm (Fig. 1a). Cubic samples with 
dimensions of 10 ×10 ×10 mm3 was manufactured by using a BLT-S300 SLM 
machine (Xi'an Bright Additive Technologies Co., Ltd) with the following processing 
parameters: input of laser power of 500 W, laser scan speed of 1500 mm/s and layer 
thickness of 30 µm. The zigzag pattern was used as the scanning strategy to decrease 
the thermal stress between layers, while the scanning angle was alternated by 90° 
upon the precedent layer. In order to compare the microstructural feature and physical 















200 µm in depth below the top surface (hereafter denoted as Sample-A and Sample-B 
respectively) for further microstructural characterization and property evaluation. The 
sample information is shown in Fig. 1b. 
Phase identification of the specimens was conducted with an X-ray diffractometer 
(XRD; D/Max-2500PC) from 20 to 90° with a step size of 0.02°. The microstructural 
characterization and chemical composition were conducted on Olympus PMG-3 
Optical microscope (OM) and JSM-6301F field emission scanning electron 
microscope (SEM) equipped with energy dispersive spectroscopy (EDS). SEM-based 
electron back scatter diffraction (EBSD) analyses were carried out in the SEM 
mentioned before equipped with an Aztec EBSD system with a step size of 0.5 µm. 
The samples for OM and SEM microstructural observations were etched by a reagent 
composed of 3% HF, 10% HNO3, and 87% H2O (vol. %) for 20 s. However, the 
EBSD samples were produced only by grinding and electrolytic polishing without 
etching. In order to investigate the influence of coling rate on the SLM-produced 
microstructure, only XZ section (along the build direction) of the samples was 
characterized. Vickers micro-hardness tests were caried out using a Future Tech 
Fm-700 machine at a 50g load, whereas all the hardness data shown were averaged 
from minimal ten parallel testing values.  
Finite element modeling (FEM) was performed by Comsl 4.2a software. The 
dynamic temperature field in the specimen was simulated using the heat transfer 
module in the FEM. The FEM geometry was cubic with a size of 10 ×10 ×10 mm3. 















thickness of 30 µm, were used as in SLM process. The top surface conditi  was set 
as the argon gas atmosphere with a room temperature. The temperature data of the 
monitoring points at different times can be obtained, then the temperature was used to 
derive the heating rate and the cooling rate. 
In order to evaluate the effect of cooling rate on wear properties, specimens with the 
gauge of 3 mm in diameter and 5mm in height were cut on the top surface and deep 
inward, respectively. The MMW-1A machine, which comprised three cylinder against 
a plate sliding system, was used for wear testing. The cylinder specimens had a round 
contact surface with a stainless steel plate. The test parameters were set as load of 80 
N and speed of 200 r/min at a room temperature. Three samples were tested and the 
test lasted 1 hour with a step of 15 min; the weights of specimens were measured for 
each step and the wear weights were calculated subseq ently.  
 
3. Results  
The XRD patterns of the SLM as-built specimens are shown in Fig. 2. The Si particle 
(Fd3m, fcc, a=0.5429nm) and α-Al phase (Fd3m, fcc, a=0.4049nm) are identified on 
the profiles. Usually, the crystallinity degree can be reflected from the peak width of 
XRD pattern; a wider peak means lower crystallinity degree. As such, the group A has 
a lower degree of crystallinity with a wider peak of Al matrix than the group B. Fig. 3 
shows the EBSD mapping results of the sample A and B in the X-Z cross-section 
along the Z-direction based on crystallographic parameters of the α-Al phase 















diffraction is that its small size in nanometer is le s than the detecting resolution of 
the machine. Figs. 3a and 3c present the image quality mapping (IQ) results, while 
Figs. 3b and 3d show the inverse pole figure mapping of the Z-direction (IPF-Z). As 
can be seen, the α-Al grains in Sample-A near the top surface show a random 
crystallographic orientation. By contrast, the grains far away from the top surface are 
elongated and exhibit a strong texture aligned along the <100>//Z direction due to 
homoepitaxial growth. Such strongly textured grains, presenting a cubic fiber, have 
been extensively reported in different alloying systems and are attributed to thermal 
dissipation gradient [2, 3, 29].  
From the IPF mapping, special areas with fine and equiaxed grains can be observed 
along a curving area which has the exact feature of the melting pool. This 
phenomenon is caused by the heterogeneous nucleation occurring in front of the 
liquid-solid interface and is similar to the chill zone in the cast process [30]. Taking 
the misorientation of grain boundaries (GB) into consideration, the misorientation 
values higher than 10o are outlined by black lines and those lower than 10o are marked 
by with red lines. Indeed, the area near the top surface within a depth of ~100 µm in 
Sample-A consists of not only the equiaxed grains with higher misorientation, but also 
a high density of low-angle subgrain boundaries with red lines and enlarged in Fig. 3b. 
Such low-angle subgrain boundaries composed of dislocation tangles can be linked to 
the thermal stress due to fast cooling and lack of sufficient thermal cycling compared 
to the elongated grains below in which the subgrain boundaries are rarely observed [8, 















properties in terms of the microhardness and strength.  
Fig. 4 shows the microstructural morphology and EDS mapping in the X-Z 
cross-section. To be detailed, the Figs. 4a and b correspond to that of Sample-A, while 
Figs. 4c and d are related to Sample-B. The dendritic morphologies can be observed 
in both two samples which show a similar dendrite of α-Al phase and interdentritic 
Si-particles as reported in literature [28, 31, 32]. It is worth noting that the dendrite 
size between the two samples is different. The Sample-A near the top surface exhibits 
near equiaxed fine dendrites with a smaller size of 500 nm (Fig. 4a) and Si particles 
with a size of less than 50 nm (Fig. 4b), while theSample-B shows elongated and 
coarse dendrites sized exceeding 2 µm (Fig. 4c). Furthermore, the distribution of Si 
(highlighted in red color in Figs. 4b and d) should a so be noted. The element of Si 
distributes relatively uniformly in Sample-A with no noticeable segregation. However, 
the Si-particles shows an obvious tendency of interdendritic segregation in Sample-B. 
The observed EDS results are thus consistent with the phase diagram that the Si 
particles precipitate on the fast cooling condition due to its limited solubility 
(approximately 0.05%) in Al-based alloy. 
Fig. 5 shows the variation of cooling rate around the melt pool boundary. It has been 
reported that the heat transfer in melt pool depends on the dynamic movements of the 
metallic liquids including turbulence and convection [33]. The melt pool boundaries 
are regarded as solid-liquid interfaces and the beginning of solidification, so the study 
on cooling rate of the melt pool boundaries can help understand the reasons for the 















pool boundary is different from that of the bottom. The cooling rate of the upper 
surface even reaches 1.44 × 106 K/s, which is much higher than that of the bottom 
cooling rate with ≤ 1× 103 K/s. Such a high gradient in cooling rate would affect the 
microstructure formed in SLM-produced AlSi10Mg components, including sizes of 
dendrite and the Si-particle. The specific reason i that Si particles in the metal matrix 
cannot be precipitated and evenly distribute in the matrix, thereby forming a fine 
microstructure with uniform grains [34]. 
Fig. 6 illustrates the morphology of indentations of Vickers hardness measurements at 
the XZ cross-section, the tested points are along z direction from the surface to 
bottom and the distance is ~50 µm near the top. Notably, with the increase in the 
distance from the top surface, the indentation size significantly increases. This 
demonstrates that the hardness value decreases from the top area to bottom. The 
hardness value of the top area (sample A) is 148±7 HV (Fig. 7), then it drops to 126±6 
HV dramatically with a distance of only 50 µm at the position 2. Such a significant 
difference is caused by the Si particle size and distribution. The Si particles in the 
bottom area are large and mainly distribute at the interdentritic. Differently, the size of 
the Si particles is small and evenly distributes in the dendrite. These fine Si particles 
contributes to increase in hardness values. 
Fig. 8a shows the relationship between the wear amount f AlSi10Mg alloy and time 
for both sample A and B. It is clearly that the wear weight rate of sample A is less than 
that of sample B. However, these two groups possess a similar coefficient of friction 















enhance the wear resistance property. The same trend has been found in the results of 
hardness and wear resistance property: the wear resistance increases with an increase 
in hardness of the material. For such a case, the acknowledgement of wear property 
implies that the wear resistance ability is directly proportional to the hardness of the 
material: a higher hardness will improve the wear resistance property [35]. Based on 
the results of Fig. 8b, the finer Si particles has a little effect on the coefficient of 
friction. This could be attributed to the similar contents of Si element in two samples, 
resulting in limited influence on the coefficient of friction of the two samples. 
 
4. Discussion 
4.1 Relationship between microstructure and cooling rates 
The cooling rate is one of the dominating factors during solidification process to 
determine the final properties of metal parts [36-39]. On one hand, fast cooling rate in 
the SLM solidification process leads to formation of unique microstructure [40]. For 
example, the displacive martensitic phase with extremely fine size was found in SLM 
Ti-6Al-4V samples due to fast cooling rate which was responsible for the 
improvement of the tensile strength [41]. The high cooling rate can even reach to the 
extent that the metallic glass parts can be produced by SLM. Pauly et al. [42] pointed 
out that the SLM process with layer-wise construction manner is suitable for 
manufacturing bulk metallic glass parts due to a fast processing cooling rate. 
Furthermore, the diffusion rate of metal atoms and lloying elements is limited due to 















SLM-produced parts are not uniform; Si particles concentrate at the boundaries of 
lamellae with a size of 200 nm. As the cooling rate can affect the degree of 
crystallinity, the SLM-produced samples exhibit a lower degree of crystallinity 
compared with the cast counterparts [43]. In addition, Al-Bermani et al. [44] showed 
that the formation of subgrains and low grain boundaries (sub-boundaries) are evident 
in columnar primary β grains under a fast cooling. The AM-produced products are 
slightly different from conventional parts with regard to microstructure and properties. 
Hence, it is necessary to analyze the specific solidification process for a typical metal 
material during SLM manufacturing.  
The metal powder would quickly melt into a liquid pool once the high-energy laser 
scans on it, thereby promoting the distribution of alloying elements. As such, rapid 
cooling inhibits the growth of grains and alloying elements segregation. This leads to 
that the metal matrix in the solid solution of the alloying elements cannot be 
precipitated and are evenly distributed in the matrix, hereby refining grains to form 
fine microstructure. It is know that the size and shape of melt pool are determined by 
the input laser energy and laser scan speed [45]. Even for a given melt pool, the 
cooling rates of the top area and of the bottom area  quite different. Liu et al. [40] 
had pointed that the cooling rate has a significant influence on the microstructure and 
the dendritic growth (therefore the size of dendrites). Thus, it is necessary to study the 
relationship of the cooling rate and microstructure including the dendritic size and Si 
particles in the Al matrix. 















temperature by in situ monitoring techniques. However, FEM can be adopted to 
simulate the size and shape of melt pool as well as the thermal field distribution. The 
cooling rate can be calculated based on the temperatur  variation [46].  
Interestingly, the cooling rate has important influence on dendrite arm spacing size. 
Stefanescu [47] has revealed the relationship of the dendrite arm size (λ1) and the 
cooling rate T, 
λ = c ∙ 
	
                                                         (1) 
where ct is the constant of AlSi10Mg alloy and n is the rate exponent. This equation 
indicates that the dendrite size decreases with increasing the cooling rate. Hence, the 
difference in dendrite size between sample A and B can be easily explained based on 
the above results. Additionally, sub-boundary formation can be affected by the fast 
cooling rate. Hirsch et al. [48] reported polycrystalline aluminum sample contai ing 
many dislocation loops after quenched from ~600 °C into iced brine. Theoretically, 
the dislocation loops have the same formation mechanism with sub-boundary. So, it 
can infer that the sub-boundaries near the top surface are caused by the fast cooling 
rate. 
 
4.2 The mechanical properties of gradient microstructure 
The mechanical properties of Al-Si alloys are signif cantly determined by the 
microstructure structure in terms of distribution of eutectic Si in Al matrix, subgrains 
and sub-boundaries [9-11, 14, 22, 26]. Mechanical properties of metal parts vary 















dendrite and element segregation [7, 8]. It continues to be a major scientific challenge 
to optimize microstructure. It is well accepted that plastic deformation methods 
including rolling, drawing forging and ECAP can prom te grain refinement [8-11]. 
Accordingly, the sub-boundaries or internal dislocations could be found in the process 
of plastic deformation process [11]. The generation of the dislocations and sub-grain 
boundaries can strengthen the hardness and strength [10]. The wear resistance of the 
material is determined by its hardness. Ma et al. [49] had revealed that the finer 
particle size and higher hardness in aluminum alloy c mposites could increase wear 
resistance.  
In cast Al-Si alloy, there are usually a large number of needle-like or plate-like 
eutectic Si and even coarse primary Si particles [6]. Such Si particles would 
significantly fragment the Al matrix, thereby deteriorating the mechanical properties 
of Al-Si alloy (especially the toughness). Significant decrease in the toughness would 
be unfavorable for the machinery performance of Al-Si alloy. As such, extensive 
endeavors have been made to study the eutectic Si and primary Si refinement to 
improve the mechanical properties of Al-Si alloy. Conventionally, the metamorphic 
treatment is usually used for Al-Si alloy to suppress the growth of Si phase. After 
microstructure manipulation, the Si grains in the Al-Si alloy are small, which result in 
remarkable enhancement in the strength and toughness of the Al-Si alloy [50]. Usually, 
the addition of alkali metal elements and rare earth elements to the modified Al-Si 
alloy can be modified to a certain extent, to suppress the growth of Si phase in Al-Si 



















In this work, the relationship of AlSi10Mg alloy microstructure and the cooling rate 
based on selective laser melting (SLM) technology is systematically studied and 
analyzed. Based on these experiments, the results are summarized as follows. 
1. The cooling rate of the area near the top surface of the AlSi10Mg SLM-produced 
specimen reached 1.44 × 106 K/s, which is much higher than that of bottom with ≤ 
1× 103 K/s.  
2. Microstructure and mechanical properties show a significant gradient performance 
with a range of ~100 µm. The top surface area has a lower degree of crystallinity 
of Al matrix than that of core area. 
3. Compared with the bottom area of melt pool with a lower cooling rate, a higher 
cooling rate in the top area can lead to formation of subgrains and sub-boundaries, 
as well as the finer Si particles. Such microstructural features usually exist in the 
solid solution of the alloying and cannot be precipitated and evenly distributed in 
the AlSi10Mg matrix, resulting in finer dendritic structure. 
4. The surface area obtains a higher hardness and greater value wear resistance due 
to the finer Si particles evenly distributed, finer dendrites and occurrence of 
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Fig.1 (a) The size distribution of the powder used, (b) 3D-schematic representation of 
SLM-produced AlSi10Mg alloy cubic samples with a size of 10 mm × 10 mm × 10 



































Fig. 3 EBSD image of SLM-produced AlSi10Mg alloy, (a) and (b) are the 
morphologies of surface area (this area including both groups A and B), where the 
sub-boundaries are very clearly in red color near the position of group A, but the 




















Fig. 4 The SEM-EDS image of of SLM-produced AlSi10Mg at XZ cross-section: (a) 
and (b) the dendrite morphology and corresponding Si elemental distribution in 
Sample-A, (c) and (d) the dendrite morphology and corresponding Si elemental 


















Fig.5 The cooling rate from FEM result of melt boundary. 
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Fig. 8 (a) the relationship of wear rate and time groups A and B, (b) the relationship of 

















• Gradient in microstructure and mechanical property of selective laser melted parts 
was reported. 
• The cooling rate of the melt pool was simulated 
• The top surface area has a lower degree of crystallinity of Al matrix than that of 
core area. 
• Obvious massive sub-boundaries and finer dendrites were found in surface area  
• The hardness and wear resistance of the surface is better than the core area 
 
